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ABSTRACT Scaffoldproteinsplaycentralrolesinthefunctionofmanysignalingpathways.Amongthebest-studiedexamplesare
the Ste5 and Far1 proteins of the yeast Saccharomyces cerevisiae. These proteins contain three conserved modules, the RING and
PHdomains,characteristicofsomeubiquitin-ligatingenzymes,andavWAdomainimplicatedinprotein-proteininteractions.
Inyeast,Ste5pregulatesthematingpathwaykinaseswhileFar1pcoordinatesthecellularpolaritymachinery.Withinthefungal
lineage,theBasidiomycetesandthePezizomycetescontainasingleFar1-likeprotein,whileseveral Saccharomycotina species,
belongingtotheCTG(Candida)clade,containbothaclassicFar1-likeproteinandaSte5-likeproteinthatlacksthevWAdo-
main. We analyzed the function of C. albicans Ste5p (Cst5p), a member of this class of structurally distinct Ste5 proteins. CST5 is
essentialformatingandstillcoordinatesthemitogen-activatedprotein(MAP)kinase(MAPK)cascadeelementsintheabsence
of the vWA domain; Cst5p interacts with the MEK kinase (MEKK) C. albicans Ste11p (CaSte11p) and the MAPK Cek1 as well as
withtheMEKHst7inavWAdomain-independentmanner.Cst5pcanhomodimerize,similartoSte5p,butcanalsohet-
erodimerizewithFar1p,potentiallyformingheteromericsignalingscaffolds.WefounddirectbindingbetweentheMEKK
CaSte11p and the MEK Hst7p that depends on a mobile acidic loop absent from S. cerevisiae Ste11p but related to the Ste7-
bindingregionwithinthevWAdomainofSte5p.Thus,thefungallineagehasrestructuredspeciﬁcscaffoldingmodulestocoor-
dinatetheproteinsrequiredtodirectthegeneexpression,polarity,andcellcycleregulationessentialformating.
IMPORTANCE Themitogen-activatedprotein(MAP)kinasecascadeisanextensivelyusedsignalingmoduleineukaryoticcells,
andtheabilitytoregulatethesemodulesiscriticalforensuringproperresponsestoawidevarietyofstimuli.Onewaythatcells
regulatethissignalingmoduleisthroughscaffoldproteinsthatinsulaterelatedpathwaysagainstcrosstalk,improvesignaling
efﬁciency, and ensure that signals are connected to the correct response. The Ste5 scaffold of the S. cerevisiae mating response is
awell-studiedrepresentativeofthisclassofproteins.Usingbioinformatics,structuralmodeling,andmoleculargeneticap-
proaches, we have investigated the equivalent scaffold in the pathogenic yeast Candida albicans. We show that the C. albicans
protein is structurally distinct from that of Saccharomyces cerevisiae but still provides similar functions. Increases in pathway
complexityhavebeenassociatedwithchangesinscaffoldconnectivity,andoverall,thetetheringcapacityofthescaffoldshas
beenmoreconservedthantheirstructuralorganization.
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T
ypical eukaryotic signaling pathways often involve components
that are coordinated through protein-protein interactions, and a
large number of protein motifs, including such extensively distrib-
uted elements as the SH2, SH3, PH, and SAM domains that serve to
facilitatetheseinteractions,havebeenidentiﬁed(1).Aswell,signaling
pathways can involve scaffold proteins, originally identiﬁed because
they served a primarily noncatalytic function, but were involved in
direct binding of separate catalytic elements of a signaling path-
way (2, 3). One of the best-studied examples of a scaffolding pro-
tein is Ste5p of the yeast Saccharomyces cerevisiae (ScSte5p); this
proteincoordinatestheelementsofthemitogen-activatedprotein
(MAP) kinase (MAPK) cascade involved in the pheromone re-
sponse pathway and is critical for mating in yeast (4).
The function of the Ste5 scaffold is complex. Initial observa-
tions identiﬁed binding sites for all members of the MAP kinase
cascade (5–7), while later evidence established physical associa-
tion with the  subunit of the heterotrimeric G protein linked to
the pheromone receptor protein (8). This association directs the
MAP kinase module to the membrane as part of the pheromone-
mediated activation of signaling (9). The Ste5 protein also ap-
peared to provide speciﬁcity to the kinases Ste20p, Ste11p, and
Ste7p,allofwhichfunctionedinotherpathwaysseparatefromthe
mating pathway (10). More-recent evidence has established that
Ste5p is more than just a scaffold but in fact plays a critical role in
the activation of Fus3p, the MAP kinase speciﬁc for the phero-
mone response (11).
The Ste5 protein contains several structural motifs. The
amino-terminal half of the protein contains a membrane-
anchoringmotif(12),aRING-H2Znﬁngerdomain(heretermed
RING) (13), and a cryptic PH (plextrin homology) domain (14),
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of a vWA (von Willebrand type A) module. The vWA module is
involvedinassociationwiththeSte7pMEKprotein(15),whilethe
N-terminal RING/PH region is implicated in Ste5p homodimer-
ization (16), Ste11p association (7), interaction with the MAPK
Fus3 (17), and also Ste4p G protein  subunit binding (8). In
addition, the RING/PH domain structure found in Ste5p is char-
acteristic of the RING class of ubiquitin-ligating enzymes (18),
suggesting that Ste5p could play a role in the proteolytic stability
of the mating response pathway components.
In addition to Ste5p, the yeast S. cerevisiae contains a second
scaffold protein that functions in ensuring a proper mating re-
sponse.Thisprotein,Far1p,hasanoverallstructuresimilartothat
of Ste5p, with similarly placed RING and PH domains (19–21),
even though the overall level of sequence identity between the
proteinsislow(22).However,withtheexceptionoftheGprotein
 subunit Ste4p (23) and the MAPK Fus3p (24–26), which bind
within the RING/PH region of both proteins, the proteins associ-
ating with the Far1p scaffold are distinct from those interacting
with Ste5p. In addition to the G protein  subunit, Far1p associ-
ateswithregulatorsofcellpolarity,inparticularCdc24p,theGEF
for Cdc42, and the SH3 domain protein Bem1p (23).
Far1p plays two distinct functions in the pheromone response
process (27). It serves as a cyclin-dependent kinase inhibitor
(CKI)(28)thattriggerscellcyclearrestinresponsetopheromone
signaling (29), and it regulates pheromone-directed mating pro-
jectionformationthroughitscoordinationofthecellularpolarity
machinery regulated by Bem1p and Cdc42 (30, 31). However,
Far1p plays no role in the regulation of pheromone-mediated
geneexpression(32).EpistaticanalysisshowsthereforethatSte5p
functions near the beginning of the mating pathway and that
Far1p acts later.
Recently, the investigation of this family of RING/PH domain
scaffold proteins has been extended to
other fungi. The fungal pathogen Can-
dida albicans contains a clear Far1p or-
tholog, Orf19.7105 (21, 33–37), which has
been analyzed for its roles in pheromone-
mediated arrest and in mating. Intrigu-
ingly,loss-of-functionmutantsoftheC.al-
bicansFAR1generesultinlossofallaspects
ofpheromoneresponse,includinggeneex-
pressioninduction(33),inclearcontrastto
thesituationforS.cerevisiae.Becauseasec-
ond RING/PH protein, similar to Ste5p,
wasnotevidentintheC.albicansgenome,it
was possible that in the pathogen
Orf19.7105playedtherolesofboththeSte5
and the Far1 proteins and that duplication
of the gene after the whole-genome dupli-
cation (WGD) allowed subfunctionaliza-
tion into the Ste5 and Far1 proteins. Here,
we show that this is not the case; while the
Basidiomycetes and the Pezizomycetes con-
tainasingleRING/PHorthologandtheAr-
chiascomycetes lack such proteins entirely,
the Saccharomycotina species of the CTG
clade,suchasC.albicans,containSte5por-
thologsthatlackthevWAdomain.Analysis
of the C. albicans STE5 ortholog CST5
shows that this gene is required for all aspects of the pheromone
response but that in the absence of the vWA domain, the protein
coordinates the MAP kinase elements in a distinct manner.
RESULTS
Ancestral evolution of RING/PH domain proteins in fungi. We
exploredtheFar1p/Ste5pdomainorganizationinasetcomprising29
Far1-like proteins and 19 Ste5-like proteins. We carried out 3D-Jury
consensusstructurepredictionsbasedonrecentfoldrecognitionand
advanced sequence proﬁle algorithms (38, 39) and conﬁrmed the
presenceoftheRINGandPHdomainsinallanalyzedrepresentatives
of Far1-like and Ste5-like proteins. Structurally similar proteins are
found throughout the fungal kingdom (Fig. 1), although, intrigu-
ingly,noneareidentiﬁedinArchiascomycetessuchasSchizosaccharo-
mycespombe(Fig.1,greenspecies).Inmanyspecies,includingthose
of the Pezizomycetes (Fig. 1, blue species) and the Basidiomycetes
(Fig.1,greyspecies),onlyonememberofthisclassofproteinscanbe
identiﬁed; these family members are most similar to S. cerevisiae
Far1p. In contrast, members of the Saccharomycotina contain both a
Far1porthologandaSte5portholog(Fig.1,pinkandredspecies);the
appearance of a pair of RING/PH scaffold proteins did not correlate
withtheyeastwhole-genomeduplication(WGD)(40)butpreceded
it at a phylogenetic point similar to that of the extracellular signal-
regulated kinase (ERK) duplication that generated the S. cerevisiae
mitogen-activated protein kinase (MAPK) duo comprising Fus3p
andKss1p.WhilewefailedtoidentifyRING/PHdomainproteinsin
S. pombe and Schizosaccharomyces japonicus (Archiascomycota repre-
sentatives), a ﬁssion yeast MAPK Fus3p ortholog, Spk1p, is easily
identiﬁed (41, 42).
ThevWAdomainisubiquitousintheFar1pfamilybutnotin
Ste5 orthologs. In a subset of the Saccharomycotina that includes
the CTG (Candida) clade, a classic Ste5 ortholog was not identi-
ﬁed.Instead,ashorterclassofRING/PHproteins(43)thatlacked
FIG 1 Phylogenetic evolution of mating scaffold proteins in the fungi. (A) Scaffold proteins with
sequence similarity to S. cerevisiae Ste5p and/or Far1p could be identiﬁed throughout the entire fungal
kingdom, with the noticeable exception of the Archiascomycota (represented by S. pombe and S. japoni-
cus).SchematicrepresentationsoftheproteinstructuralorganizationofselectedFar1/Ste5-likeproteins
featuring newly detected cryptic vWA domains of Far1-like proteins are displayed on the right. WGD,
whole-genome duplication event; ERKD, ERK duplication; **, protein sequence manually assembled
from multiple tBLASTn reads.
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served (15). The vWA fold (44) is detected with high reliability in
Ste5pfromCandidaglabrata,Kluyveromyceslactis,andotherspe-
cies within their respective clusters, having close homology to
ScSte5p (Fig. 1). However, the vWA domain is predicted to be
absent from Ste5p for a cluster of 9 related fungal species repre-
sented by Cst5p, whose sequences either end shortly after the PH
domain (e.g., 39 amino acid [aa] residues in C. albicans)o ra r e
unrelated to the vWA fold (e.g., Candida lusitaniae and Debaryo-
myces hansenii). This structural variety may suggest rapid evolu-
tion of the Ste5 scaffold within the CTG clade.
In addition, we obtained reliable predictions, as judged by the
statistically signiﬁcant 3D-Jury scores, for the presence of a vWA
fold in the sequence following the predicted PH domain for all
Far1-like proteins, including those from C. albicans and S. cerevi-
siae(seeFig.S1inthesupplementalmaterial).Consistentwiththe
fold recognition data, this vWA domain follows the consensus
secondarystructureofthevWA-likefoldintheFar1-likeproteins
(Fig. S1). Interestingly, the known structure of the ScSte5p vWA
domain was not among the template hits from fold detection of
theFar1pvWAdomains,butothervWAfoldstructures,likethose
ofintegrins,wereidentiﬁed.Ourstructuralpredictionsthusindi-
cate that the vWA domains of Far1p and Ste5p are distinct varia-
tions of the vWA fold.
Genetic analyses of scaffold proteins in C. albicans. Recently,
crystallographic analysis of the Ste5p C terminus identiﬁed that the
MAPK kinase (MAPKK) Ste7 interaction domain on Ste5p, called
Ste5-MS, involved the vWA structure of Ste5p (15), and mutant
formsofthescaffoldthatlackthisregionorcontainpointmutations
show major defects in pheromone-mediated responses and mating
(15, 45). As this domain is completely missing in the CST5 gene, we
ﬁrst determined if Cst5p actually func-
tioned in the C. albicans mating pathway.
We created both the cst5 deletion mutant
(PCa63) and a strain overexpressing CST5
(PCa68) in the C. albicans MTLa reference
background 3294 (complete genotypes are
available in Table S1 in the supplemental
material) and then tested for pheromone-
and mating-associated defects (Fig. 2). In
pheromone response assays, the cst5
strain fails to make mating projections
(shmoos), fails to undergo cell cycle arrest
and transcriptional induction, and fails to
mate (Fig. 2); all of these phenotypes were
reverted when CST5 was reintegrated into
the cst5 strain (see Fig. S2 in the supple-
mental material). In contrast, a mutant
strainectopicallyexpressinghigherlevelsof
CST5 (the CST5OP strain) showed slightly
enhanced mating-associated responses
compared to those of its parental strain,
3294 (Fig. 2), with a slight increase in the
percentageofshmooingcells(from37%to
49%)andamorepronouncedcellcyclear-
rest.
Therefore, both FAR1 (33) and CST5
loss-of-function mutants of C. albicans
lead to the abolition of pheromone-
inducedgeneexpression(Fig.2),whilein
budding yeast this phenotype is associated only with the STE5
deletion (32). Because in budding yeast STE5 overexpression
could partially rescue the shmoo formation defect observed in a
far1strain,whereasFAR1overexpressionfailedtorestoreste5-
associated phenotypes (22), we tested whether a similar relation-
ship exists between the two scaffold proteins in C. albicans.W e
analyzed overexpression of both FAR1 and CST5 in backgrounds
deleted for the other gene (Fig. 2); from these two strains, the
far1-CST5OP (PCa67) and FAR1OP-cst5 (PCa66) strains, we
sawfunctionalsuppressiononlyfromtheoverexpressionofCST5
in the far1-deleted background. Shmoo formation was detectable
at ~6%, and there was partial restoration of pheromone-
dependent gene expression and mating, so the response of the
far1-CST5OP strain is signiﬁcant compared to that of either the
FAR1OP-cst5 strain or the far1 loss-of-function strain (Fig. 2).
Together, these results suggest that, similar to S. cerevisiae, C. al-
bicans possesses two distinct scaffold-like proteins that are func-
tionally implicated in the mating pathway.
Interaction between CaSte11p and Cst5p in C. albicans. Al-
though Cst5p is required for the C. albicans mating process, it could
be thatC. albicansFar1p provides all the kinase docking functions in
pheromonesignaltransductioninthepathogen.Wethereforelooked
forprotein-proteininteractions,basedontheS.cerevisiaemodel,that
areknowntobespeciﬁctoonlyoneofthetwoscaffoldproteins.One
such speciﬁc interaction is between the MAP kinase kinase kinase
Ste11pandthePHdomainofSte5p(19);thePHdomainofFar1phas
notbeendetectedtointeractwithSte11p.Toinvestigatethepossibil-
ity that this interaction occurs between the C. albicans proteins, we
have used a yeast two-hybrid (Y2H) system (46) (C. Wu, G. Jansen,
D. Y. Thomas, and M. Whiteway, unpublished data) to express pro-
tein domains of interest and screen for their potential interactions in
FIG 2 C. albicans possesses a functional CST5 gene that can partially suppress loss of FAR1.W e
phenotypically characterized the genetic connection between C. albicans FAR1 and C. albicans STE5
homologCST5(formallyORF19.2127)duringpheromoneresponseandmatingassays.Morphological
responsiveness was measured by shmoo formation. Pheromone-triggered cell cycle arrest was assessed
by a halo assay. Transcriptional gene induction was investigated using DNA microarrays, and a set of
modulated genes (representing the Candida pheromone-induced core set of genes) is displayed here.
Finally, the mating capacity of each strain was illustrated by the patch-mating assay (YPD medium, no
selection; 5 aa, progeny selection plate).
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ments covering the entire lengths of both Far1p and Cst5p and
screened for their interactions with C. albicans Ste11p (CaSte11p).
We found that Cst5p but not Far1p was able to interact with
CaSte11p(Fig.3E).WereﬁnedtheCst5-CaSte11interactionwiththe
PH domain of Cst5p and a region of CaSte11p localized to amino
acids 136 to 378; similar assays for detecting the association of this
regionofCaSte11pwiththeFar1pPHregionshowednointeraction.
In addition, evidence in S. cerevisiae supports an interaction be-
tween the RING/PH regions of Far1p and Ste5p and the MAPK
Fus3p. Although some of these interactions are phospho dependent
(7, 24, 45, 47), a phospho-independent interaction exists between
Ste5p and Fus3p (11). Therefore, we explored whether a similar in-
teraction exists between MAPKs and scaffold proteins in C. albicans.
Here, we found that Cek1p, the sequence homolog in C. albicans
closest to S. cerevisiae Kss1p, binds to Cst5p, whereas neither Cek1p
nor Cek2p was found to interact with Far1p (Fig. 4). Similar results,
involving the interaction of Cst5p with Cek1p but not Cek2p, were
observedinanindependenttwo-hybridsystem(48;B.StynenandP.
Van Dijck, personal communication); intriguingly, the results of co-
immunoprecipitations (co-IPs) described in the paper accompany-
ing the present one (65) show a Cst5p-Cek2p association. Thus, it
appears that C. albicans Cst5p provides functions in the Candida
pheromone response that are equivalent to
those of S. cerevisiae Ste5p.
Kinase interaction network in C. albi-
cans. We expanded our analysis to look at
the interactions among all the kinases and
scaffold proteins in the system. Figure 4
summarizes all the positive interactions
identiﬁed, and Fig. S3 in the supplemental
material shows the locations of the most-
speciﬁc associating regions identiﬁed for
each interaction. In addition to the previ-
ously mentioned interactions with
CaSte11p and Cek1p, we found Far1p,
Cst5p itself, and Hst7p all as associating
partners with Cst5p. The Far1p-Cst5p in-
teraction has been linked to a Far1p region
of 229 residues covering the entire PH do-
mainandpartoftheRINGdomain(amino
acids 71 to 300) and to a mutated Cst5p
region that includes its RING and PH do-
mains as well (amino acids 67 to 360, in-
cluding the C135R mutation). The same
extensive region of Cst5p is required for its
oligomerization and for Cek1p and Hst7p
binding as well. Along with the identiﬁca-
tion of Cst5p-interacting partners, we
found that both Hst7p and Cek1p were in-
teracting with CaSte11p. We mapped the
Cek1p interaction with CaSte11p adjacent
to the Cst5p-interacting region (Fig. S3).
Cek2p, the C. albicans ortholog of Fus3p,
wasnotfoundtointeractwithanyelements
that we have tested. While the interaction
between Cst5p and CaSte11p in C. albicans
is similar to the one reported for S. cerevi-
siae, occurring between the Ste5p PH do-
main and an evolutionarily conserved re-
gion of Ste11p, the Cst5p-Hst7p interaction is different. Here, we
foundthattheC-terminalpartofHst7p(residues457to588),which
includes the last part of the kinase domain and its adjacent region, is
the region interacting with Cst5p (residues 61 to 360). PCR-based
mutagenesis relying on leaky Taq polymerase was used to obtain a
double mutation (T128A-Q216R) that disrupted the Cst5p-Hst7p
interaction (Fig. 4). This double mutation speciﬁcally blocked the
Cst5p association with Hst7p but not its homodimerization interac-
tion or its CaSte11p binding (Fig. 4). This interaction surface is in
sharp contrast to the situation in S. cerevisiae, where the entire Ste7p
kinase domain interacts with Ste5p through the Ste7-binding loop
located C terminal to the vWA domain of the scaffold (7, 15); it re-
mains to be determined which region of the Ste7 C terminus is di-
rectly involved in the Ste5-Ste7 interaction.
Scaffold protein Cst5 homo- and heterodimerization with
Far1.Asmentionedabove,PCR-basedmutagenesiswasusedtogen-
erate mutants that disrupted protein-protein interactions. We were
able to identify a point mutation (C135R) on Cst5p that prevents its
homodimerization. Also, we found that Cst5p and Far1p are able to
interact,butintriguingly,thisinteractionoccurredonlywhenhomo-
oligomerization of Cst5p was blocked (e.g., C135R) (Fig. 4). To gain
further insights into the structural topology of this interaction, we
screened for additional Cst5p point mutations to identify residues
FIG 3 C. albicans Cst5p but not Far1p interacts with CaSte11p, as monitored by a yeast two-hybrid
assay. (A) Shared components between the mating and high-osmolarity MAPK pathways in S. cerevi-
siae. Panels B and C are schematic representations of the engineered S. cerevisiae genetic background
that is used to test the interaction between two protein fragments of interest. (D) Representation of the
technical approach used to test the interaction in vivo. (E) Interaction between CaSte11p aa 136 to 378
and the Far1p or Cst5p PH domain was assessed using this yeast two-hybrid assay. Petri plates were
scanned after 1 day of growth (mating plate) and 5 days (osmotic stress plate).
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ﬁed9mutationstargeting6differentresidueslocatedwithintheCst5
RING domain (Fig. 5). Some mutations modify highly conserved
residues (e.g., D104, C135, and C140) while other residues are less
conserved(L98andK99)(seeFig.S4Ainthesupplementalmaterial).
Although these mutations span over 40 residues within the RING
domain primary peptide sequence, we observed that, when mapped
onthefoldedstructureoftheRINGdomain,theyareallwithinorin
close proximity to the second zinc ﬁnger (Fig. 5). This suggests that
the modiﬁcation of the second zinc ﬁnger is an important contribu-
tor to the Cst5-Far1 interaction. Interestingly, we found that the
G103V mutation within the zinc ﬁnger allows both Cst5-Cst5 and
Cst5-Far1 complexes to be formed. Using the same approach, we
identiﬁed four single point mutations and a double mutation pre-
venting Far1p association with Cst5p (Fig. S4B). Five out of these six
mutations could be mapped within or just before the Far1p PH do-
main. These mutation sites, coupled with the minimal region allow-
ing the Cst5 interaction identiﬁed by Y2H, suggest that Far1p inter-
acts with the Cst5p RING domain through its own PH domain.
Acidic region in the activation loop of CaSte11p. Not all the
protein-proteininteractionsinthepheromoneresponseMAPkinase
module involve the scaffold protein directly. There is an interaction
between the MEKK kinase domain and the MEK N terminus that is
knowntobetransientandphosphodependentinbuddingyeast(49).
Here, we found that the same elements in C. albicans show a strong
interaction in the Y2H assay. Comparative sequence analysis shows
that C. albicans and the group of closely related CTG clade species,
which have Ste5p orthologs lacking the vWA domains, also have a
commoninsertofacidicresiduesinthemiddleoftheactivationloop
ofthecatalyticdomainoftheirSte11p-likekinase(Fig.6A).Weiden-
tiﬁed a point mutation on CaSte11 (E707K) that speciﬁcally pre-
ventedtheCaSte11-Hst7interaction.Aho-
mology model of the activated CaSte11p
kinase domain phosphorylated at Ser719
predictsthatthisacidicregionishighlysol-
vent exposed (Fig. 6B; see also Fig. S5A in
thesupplementalmaterial).Changesinthis
region, like the E707K mutation, would be
unlikely to affect the overall fold of the ki-
nase domain, making it suitable for
protein-protein docking interactions. We
constructed opaque strain CA217, which
contained the E707K version of CaSte11 as
theonlyfunctionalallele.Thisstrainmated
100-fold less efﬁciently than the wild-type
(WT) control or the CaSte11 heterozygote
(Fig. S6), suggesting that this identiﬁed in-
teraction plays a signiﬁcant role in mating
pathway signaling.
DISCUSSION
Distinctive vWA domains in fungal
scaffold proteins. Using comparative se-
quence analysis and consensus fold recog-
nition, we were able to identify a vWA do-
main (44) within the Far1 family of fungal
scaffold proteins. This domain differs
structurallyfromthevWAdomainrecently
characterized for the Ste5 scaffolding pro-
teins from S. cerevisiae and its relatives, but
thisdomainisamemberofthesamesuper-
family.Thus,thebasicstructuresofthemajorityofbothFar1-likeand
Ste5-like proteins contain sequential RING, PH, and vWA domains,
making the Ste5 proteins of the Candida clade and its close relatives,
whichtotallylacktheC-terminalvWAdomain,aninterestinganom-
aly.NeitherofthetworegionsoftheScSte5pvWAdomainthatfunc-
tion in promoting Ste7p-to-Fus3p activation is present in the Far1p
vWA domain of any species, including those that lack Ste5p vWA
domains.
Mutational studies of ScFar1p have implicated negative auto-
regulation involving both the RING domain and the C-terminal
regioncorrespondingtothenewlyidentiﬁedvWAdomain,either
intramolecularly by their direct mutual interaction or intermo-
lecularly by dimerization (21). As yet, a speciﬁc function has not
been identiﬁed for vWA domains in intracellular proteins (44,
50), although the combination of these domains with a RING
domain and/or another Zn ﬁnger-like domain is not unprece-
dentedforintracellularyeastproteins;oneexampleisprovidedby
the structurally homologous multidomain proteins Sec23 and
Sec24, involved in endoplasmic reticulum (ER)-to-Golgi protein
trafﬁcking. Their vWA domains not only participate directly in
binding to the Sar1 small GTPase but also form a Sec23/Sec24
heterodimeric trunk-like interface (51), suggesting a possible ge-
ometryforaFar1pdimericassembly.AnotherexampleisSsl1,the
S. cerevisiae TFIIH-p44 homolog (52), whose RING and vWA
domains establish a connection between transcription and the
ubiquitinationsystem:theRINGdomainisresponsible,atleastin
part,fortherecentlydiscoveredE3ubiquitinligaseactivityofSsl1
(53),whilethevWAdomainsharessigniﬁcanthomologywiththe
Rpn10 vWA domain, which facilitates the degradation of a num-
berofproteasomesubstrates(54–57).Itwillbeofinteresttolearn
FIG 4 Cst5p is the central docking platform for Far1, Cst5, CaSte11, Hst7, and Cek1. A Y2H general
map of all identiﬁed interaction between C. albicans proteins is illustrated in the top left corner. Green
squares represent Y2H interactions. A closeup view indicates where within each of the protein-protein
interactions the binding regions could be located. The associated colony patches represent individual
clonesthatweresequencedandfromwhichmutantscouldbeidentiﬁed(seetextforfurtherdetails).For
clarity, square patches with a minimum of two wild-type clones (plus mutants) are displayed.
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and whether their newly predicted vWA domain may serve a fa-
cilitator role in proteasomal degradation.
Ste5-likescaffoldingismoreconservedthanitsarchitectural
organization. Ample evidence suggests that point mutations pre-
ventingSte5pscaffoldinginS.cerevisiaearesufﬁcienttoinactivate
proper signal transduction (15, 45). However, our understanding
of the function of such scaffold proteins is currently limited to
ScSte5p itself. Intriguingly, the C. albicans Ste5p homolog Cst5p,
which lacks the vWA carboxy terminus characteristic of the Ste5
proteinofyeast,andisessentiallyhalfthesizeoftheyeastscaffold,
is still capable of interacting with the MEKK CaSte11p, the MEK
Hst7p,andtheMAPKCek1p.WhiletheMEKKandMAPKinter-
actionswereanticipatedbecausetheyoccurattheamino-terminal
ends of the scaffolds, which are structurally similar in both Ste5p
andCst5p,theMEKassociationwasmoreunexpectedsinceCst5p
lacks the entire vWA domain. Interestingly, the Cst5-Hst7 associ-
ation shows distinct characteristics when compared to the S. cer-
evisiaeSte5-Ste7interaction.InS.cerevisiae,theSte7-bindingloop
at the end of the Ste5 vWA domain serves to interact with the
amino-terminal end of Ste7, adjacent to its kinase domain (7). In
C. albicans, Cst5p possesses a vWA-independent interface that
interacts with the C-terminal end of Hst7p. Based on these obser-
vations,wesuggestthatthecapacityoftheSte5proteintointeract
with its MEK can be accommodated in different ways and can be
accomplished in the absence of a vWA domain.
(Re)Modeling the C. albicans mating signaling cascade. The
absenceofavWAdomaininCst5phasrequiredarestructuringof
protein interactions in the system of the mating and MAP kinase
pathway in C. albicans. The absence of the vWA domain is corre-
lated with the presence of a MEK-binding loop in CaSte11p that
allowsstrongHst7pdocking.ThesimilaritybetweenthisCaSte11
acidic loop and the Ste7-binding loop present on ScSte5p is strik-
ing (Fig. 6; see also Fig. S5B in the supplemental material). The
presence of a MEK-binding loop directly on the MEKK could
permit a strong, scaffold-independent interaction between the
MEKK CaSte11p and the MEK Hst7p. This CaSte11 acidic loop is
insertedinthemiddleofthekinasedomainactivationloopnotfar
from its phosphorylation sites. In the active conformation (e.g.,
phosphorylated at Ser719), electrostatic repulsions would keep
the negatively charged insert exposed and away from the phos-
phorylatedsiteandthesubstrate-bindinggroove(Fig.6B;seealso
Fig. S5 in the supplemental material). In this conformation, the
acidic insert is highly accessible as a docking site for Hst7p. In
support of this model, the E707K mutation, occurring within the
CaSte11 acidic loop, is sufﬁcient to disrupt the strong interaction
betweenCaSte11pandHst7p,andthisdisruptionreducesmating
efﬁciency by close to 2 orders of magnitude. Given a plethora of
positivelychargedsidechainsintheactivationloop,itisplausible
thattheacidicinsertmayalsofoldbackontotheactivationloopin
the unphosphorylated state and compete with phosphorylation
(Fig. S5). Hence, the acidic insert may have an additional role in
modulating the enzymatic activity of CaSte11p itself. The mecha-
nismsofhowthestructureanddynamicsoftheacidicinsertinthe
activation loop of CaSte11p can modulate interactions with
Hst7p, as well as how CaSte11p is altered upon the E707K charge
reversal mutation, remain to be elucidated.
Homo- and heterodimerization of scaffolds. The observed
two-hybridinteractionbetweenFar1pandCst5psuggeststhatthe
scaffolds can heterodimerize; however, this interaction is ob-
served only when the second zinc ﬁnger of the Cst5p RING do-
mainismodiﬁed(Fig.5).Indeed,wefoundin5outof6casesthat
theCst5-Far1interactionwaspossibleonlywhenCst5poligomer-
ization itself was compromised, suggesting a possible regulated
switch between binding partners. CST5 alone is an inefﬁcient
transmitter of the mating signal, as deletion of FAR1 dramatically
perturbsmating(Fig.2).CST5expressionispheromoneinduced,
and CST5 is more of a “switch” for the pheromone signaling, as
overexpressing it does not signiﬁcantly activate pheromone-
triggeredresponses(Fig.2);ontheotherhand,FAR1expressionis
not regulated by pheromone stimulation, but when ectopically
increased,FAR1enhancedallmating-associatedresponses(33).A
shift in scaffold protein afﬁnity has recently been described to
occurbetweenSte5pandFus3p(15);here,theCst5pswitchwould
occurbetweenthetwoscaffoldproteinsCst5pandFar1ptocreate
an efﬁcient signal transmitter complex. This speculative model is
supported by one of our Cst5 mutations, G103V; in this case, as
opposedtothe5otherRINGdomainmutations,weobservedthat
theCst5RINGdomaincontainingtheG103Vmodiﬁcationisable
to bind both scaffold proteins. The precise impact of a valine in-
stead of a glycine on the RING structure of either Ste5 or Cst5 is
unknown; however, based on various RING domain primary se-
quences (18), it is possible that the mutated zinc ﬁnger would
result in a slightly modiﬁed form rather than a completely mis-
folded structure. Transposed onto the S. cerevisiae model, this
could suggest that the Cst5p-Far1p complex in C. albicans might
functionallycorrespondtoS.cerevisiaeSte5p,whichhasbeenpre-
dicted to function as a homodimer.
Cst5-Cst5 and Cst5-Far1 complex formation also reveals new
detailsaboutthewhite/opaquecellpheromonesignalingcascades
FIG 5 The second zinc ﬁnger of the Cst5 RING domain is crucial for Cst5p
homo-orheterodimerizationwithFar1p.ThemappingofCst5pmutationson
the primary sequence organization of the Ste5p family RING domain coordi-
natingtwozincatomsisshown.SecondarysequenceorganizationoftheRING
ﬁnger domain shows that all identiﬁed Cst5 mutations speciﬁcally affect the
coordination of the second zinc atom (the schematic representation is based
on data from reference 18).
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comparable in its inputs/outputs to the C. albicans opaque cell
pheromone pathway described in this report, a new pheromone
signaling response pathway has recently been discovered in C. al-
bicans. Referred to as the “white pheromone signaling pathway”
(58),thissignalingcascadeusesallthecomponentsoftheconven-
tional “opaque” pheromone pathway, with the exception of the
transcription factor (36), where the “white” pheromone pathway
uses the transcription factor Tec1 instead of Cph1 and activates
genes associated with bioﬁlm formation (59). Although the mo-
lecularmechanismsleadingtothedifferentialactivationofCph1p
intheC.albicansopaqueformversusTec1pinthewhiteformare
still unknown, it is interesting to observe that Far1p is implicated
onlyintheopaquecellsignalingcascade:far1strainsarecapable
of responding at WT levels to pheromone stimulation in white-
form cells (36) but not in opaque-form cells (33, 36). In this re-
gard, the scaffold-scaffold interactions between Cst5p and Far1p
leadustoproposeamodelinwhichFar1p,throughitsinteraction
with Cst5p, might be a contributor to the opaque cell pheromone
pathway (see Fig. S7 in the supplemental material). On the other
hand, Cst5p, through oligomerization and tethering of the
MEKK, MEK, and MAPK enzymes, might be the central scaffold
shared by the C. albicans white and opaque cell pheromone sig-
nalingcascades.Insupportofthismodel,Yietal.conﬁrmedinthe
reportaccompanyingthepresentone(65)thatCst5isessentialto
the pheromone signaling cascades of both C. albicans forms.
Phylogenetic reconstruction of the mating signaling path-
way. Forces such as gene duplication and functional rewiring can
generatenewmolecularmechanismsofgeneregulationandcoor-
dination during evolution. For instance, during fungal genome
evolution there have been multiple individual gene duplications
(e.g., the MAPK duplication) (15) and a major whole-genome
duplication (WGD) event (40, 60). Although comparing two dis-
tantly related species can offer insights into the ancestral form of
thegeneorproteinofinterest,theevolutionarypathofregulatory
circuits is more difﬁcult to map. Here, we have combined protein
structure analyses, domain prediction, and functional character-
ization, with the goal of gaining insight into the structural evolu-
tion of fungal mating scaffold proteins (Fig. 7).
The Basidiomycetes contain a single RING-PH-vWA scaffold
protein of the Far1p type; this scaffold lacks candidate Ste7-
binding and Fus3-coactivating regions. The Basidiomycetes also
contain a single representative for each MEKK, MEK, and MAPK
(Kss1p-like) with similarity to the kinases implicated in the yeast
mating pathway. During the separation between Pezizomycetes
and Saccharomycotina (prior to the Yarrowia lipolytica branching
point), a new RING and PH domain protein can be identiﬁed,
perhaps arising through duplication of the N terminus of Far1p;
this protein does not contain the vWA domain. After the Y. lipo-
lyticabranchingpoint,therearemultiplechangesinthestructural
organization of the MAPK pathway. MAPK duplication is ob-
served; this event provided more regulatory potential to the sys-
tem but also demanded a mechanism for discrimination between
the newly acquired pair of kinases, which could be achieved by
connecting Cst5p and one of the MAPKs. However, the observa-
tions that two-hybrid assays suggest a unique Cst5p-Cek1p asso-
FIG6 CaSte11-Hst7 mutant and interaction. The location of the acidic insert in the activation loop of CaSte11p is shown. (A) Multiple sequence alignment of
theSte11pkinaseactivationloopsequencesfrom31fungalspecies.Theshadingrepresentsthelevelofconservation,fromhigh(black)tolow(white).Theacidic
residuescomposingtheinsertloopareboxedinred.ThepositionoftheglutamicacidcorrespondingtoCaSte11pmutationE707Kisindicatedwitharedarrow.
(B)HomologymodeloftheCaSte11pkinasedomain(magentarendering)overlaidontothehumanPAK5crystalstructureusedasatemplateformodelbuilding
(yellowrendering).TheacidicinsertintheactivationloopoftheCaSte11pkinasedomainisshown,withsidechainscoloredinred(D705toD710).TheE707K
mutation and the phosphorylation sites are indicated by an arrow and an asterisk, respectively.
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Cek2p interaction suggest that this potential discrimination
process would be complex. This kinase-scaffold connection can
usetheMAPkinasecoactivatorloopdescribedbyGoodetal.(15),
which appears coincident with the kinase duplication and is sub-
sequently maintained within the entire Ste5-like scaffold family
(Fig. 7; see also Fig. S8 in the supplemental material). Indepen-
dently, a strong direct interaction between the MEKK and the
MEKthatreliesonanacidicloopfoundwithinthekinasedomain
of MEKK is identiﬁed. In C. albicans, this CaSte11 acidic loop is
critical for Hst7p interaction, as insertion of a positively charged
residue into it (E707K) compromised MEK binding and mating.
Interestingly, this MEK-binding insert is absent from the MEKKs
at the same phylogenetic point (prior to the K. lactis branching
point)wheretheSte5-likescaffoldestablishesbothavWAdomain
and a structurally and functionally equivalent MEK-binding
acidicloop.InS.cerevisiae,mutationsinthisMEK-bindingacidic
loop of Ste5p speciﬁcally block the Ste5-Ste7 interaction, without
compromisingtheothertetheringinteractionsofSte5pandSte7p
(15). This picture is consistent with a very modular structure for
the protein-protein interaction networks established by the MAP
kinase cascade members and the scaffold proteins (61) and indi-
cates that evolution has used various combinations of these mod-
ules to achieve signaling speciﬁcity and efﬁcacy.
MATERIALS AND METHODS
Straincreation,media,andgrowthconditions.AllC.albicansstrainsand
primers used in this study are described in Table S1 in the supplemental
material. For gene deletion, we used a sequential cassette blaster strategy to
remove the complete coding sequence of ORF19.2127/CST5 from the 3294
strainbackground(62).RestorationandoverexpressionofCST5usedastrat-
egy similar to that previously applied to FAR1 (33). Brieﬂy, overexpression
was done using the actin promoter (from pACT1) (63) fused to the coding
sequence of CST5 to generate the plasmid pCST5-act1, which was then tar-
geted into the RPS1 locus to create the 3294 derivative CST5OP strain. The
far1-CST5OP and cst5-FAR1OP epistatic strains were created from a com-
binationofstrainsandplasmidsdescribedabove(forcst5andpCST5-act1)
or previously described (for far1 and pFAR1-act1) (33). The Ste11E707K
strain was constructed in two steps. A strain heterozygous for C. albicans
STE11 (CaSTE11) was ﬁrst created by disrupting one allele with the HIS1
selectable marker, and then the wild-type allele was replaced with the
Ste11E707K mutant version; insertion of the Ste11E707K allele was then con-
ﬁrmedbysequencing.Forfurthercomparison,atruenullmutantwascreated
FIG 7 Architectural evolution of the mating MAPK signaling cascade during fungal evolution. Proteins are represented by their structural domains/motifs,
which,ifdetectedwithinaspecies,aremarkedinthetableaccordingtothecolorcodeindicatedatthebottom.Majorevolutionarystepsaredescribedontheright.
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ablemarker.Twoindependentclonesforeachbackgroundwereretainedfor
subsequent experiments. Finally, growth, culturing, and selection of opaque
cells were done as previously described (33).
Pheromone response and mating assays. Much of the work involves
mating competent opaque-phase cells, and the conditions for the selection
and maintenance of these cells were in accordance with standard procedures
previously described (33, 64). Pheromone-triggered gene expression was as-
sessed by DNA microarrays involving 3 different biological replicates per
strain (microarray data are directly available at http://candida2.bri.nrc.ca
/whitewaylab/index.html). The pheromone-induced set of genes was assem-
bledfromthemostsigniﬁcantlyinducedgenes(foldchange,1.8;P0.05).
Forthequantitativematingassay,opaquecellsweregrownovernightinsup-
plementedminimalmedium,mixedata10:1tester/experimentratio,ﬁltered
throughanitrocelluloseﬁlter,andincubatedatroomtemperatureonayeast
extract-peptone-dextrose (YPD) plate. On the following day, cells were
washedoff,diluted,andplatedfortheinputstrainandfortetraploidselection.
Comparativesequenceanalysis,domainannotation,andstructural
homology modeling. A complete description of the methods indicated this
sectionisprovidedinTextS1inthesupplementalmaterial.Brieﬂy,homolo-
gous protein sequences were retrieved from the fungal genome database
(http://www.yeastgenome.org/)andbyaproteindomainarchitecturesearch
intheSMARTdatabase(http://smart.embl.de/).Structuraldomaindetection
and multiple-query/multiple-template sequence alignments were assembled
using (i) MAFFT, (ii) 3D-Coffee, (iii) 3D-Jury, (iv) manual minor local im-
provements, and (v) three-dimensional (3D) structural alignment using the
domain alternate ﬁt in Swiss-PdbViewer version 4.0.1
Mapping of protein-protein interactions among Cst5 and other
componentsofthematingpheromonepathway.Tomapprotein-protein
interactions among domains of the pheromone signaling pathway compo-
nents, we used an alternative yeast two-hybrid (Y2H) system that we devel-
oped recently for the detection of protein-protein interactions in the cyto-
plasm (detailed information of this Y2H system is provided in Text S1 in the
supplemental material). Brieﬂy, this yeast two-hybrid system is based on the
interactionofSte11p(MEKK)andSte50pthatisrequiredforHOGpathway
activation and osmoadaptation, which is critical for the survival of yeast cells
under hyperosmotic stress in the absence of the two-component osmosens-
ing branch (Fig. 3A). The interaction of Ste11p and Ste50p through their
respective SAM domains that is required for activation of the HOG pathway
canbereplacedbyassociationofotherprotein-interactingmodules(46).This
propertyoffersauniquepotentialtoanalyzebait-preyinteractionsbysubsti-
tuting them for the respective SAM domains and using the activation of the
HOG pathway as a reporter (Fig. 3B and C). To query the bait-prey interac-
tion,invivorecombination(IVR)-positiveclonesofthebaitsinoneofthetwo
yeast strains were crossed to the IVR-positive clones of the preys in the other
yeast strain, mating products were selected, and their ability to activate the
HOG pathway was measured by the ability to grow on hyperosmolarity me-
dium (Fig. 3D and E).
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